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Why Do SGLT2 Inhibitors Inhibit Only 30-50% of Renal 
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Sodium glucose cotransporter 2 (SGLT2) inhibition is a novel and 
promising treatment for diabetes under late-stage clinical de- 
velopment. It generally is accepted that SGLT2 mediates 90% of 
renal glucose reabsorption. However, SGLT2 inhibitors in clinical 
development inhibit only 30-50% of the filtered glucose load. Why 
are they unable to inhibit 90% of glucose reabsorption in humans? 
We will try to provide an explanation to this puzzle in this per- 
spective analysis of the unique pharmacokinetic and pharmaco- 
dynamic profiles of SGLT2 inhibitors in clinical trials and 
examine possible mechanisms and molecular properties that 
may be responsible. Diabetes 61:2199-2204, 2012 




Type 2 diabetes is a serious global health issue 
that has reached epidemic proportions in both 
developed and developing countries over the last 
two decades (1). With currently available medi- 
cines, many diabetic patients fail to achieve optimal glycemic 
control (HbAic <6.5-7.0%). With the exception of the 
glucagon-like peptide 1 analogs and the thiazolidinediones 
(2), other antidiabetic medications lose their effectiveness 
to control hyperglycemia over time, partially due to the 
progressive decline of p-cell function (2-4). As a conse- 
quence, many patients receive multiple antidiabetic 
medicines and eventually require insulin therapy, which 
often fails to achieve the desired glycemic goal and is 
associated with weight gain and hypoglycemia (5,6). 
Failure to achieve glycemic targets is the primary factor 
responsible for the microvascular complications (reti- 
nopathy, neuropathy, nephropathy) and, to a lesser ex- 
tent, macrovascular complications (2,7). In addition, the 
majority of diabetic patients are overweight or obese, and 
many of the current therapies are associated with weight 
gain, which causes insulin resistance and deterioration in 
glycemic control (2). 

Given the difficulty in achieving optimal glycemic con- 
trol (8,9) for many diabetic patients using current thera- 
pies, there is an unmet medical need for new antidiabetic 
agents. Although it has been known for 50 years (10,11) 
that renal glucose reabsorption is increased in type 2 di- 
abetic patients, only recently have the clinical therapeutic 
implications of this observation been recognized (2,12). 
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Inhibition of renal tubular glucose reabsorption, leading to 
a reduction in blood glucose concentration through en- 
hanced urinary glucose excretion, provides a novel insulin- 
independent therapy (2,12) that in animal models of 
diabetes has been shown to reverse glucotoxicity and 
improve insulin sensitivity and p-cell function (13,14). The 
majority (—80-90%) of filtered plasma glucose is reab- 
sorbed in the early proximal tubule by the high-capacity, 
low-affinity sodium glucose cotransporter (SGLT) 2 
(15,16). The remaining 10-20% of filtered glucose is reab- 
sorbed by the high-affinity, low-capacity SGLTl trans- 
porter in the more distal portion of the proximal tubule. 
After glucose is actively reabsorbed by SGLT2 and SGLTl 
into the proximal tubular cells, it is diffused out of the cells 
from the basolateral side into blood through facilitative 
GLUT 2 and 1 (15). Because the majority of glucose 
reabsorption occurs via the SGLT2 transporter, pharma- 
ceutical companies have focused on the development of 
SGLT2 inhibitors, and multiple SGLT2 inhibitors currently 
are in human phase II and III clinical trials (17). This class 
of antidiabetic medication effectively lowers blood glucose 
levels and offers additional benefits, including weight loss, 
low propensity for causing hypoglycemia, and reduction in 
blood pressure. The SGLT2 inhibitors are effective as 
monotherapy and in combination with existing therapies 
(2,12,14,15,17), including insulin (18). Because of their 
unique mechanism of action (12,15), which is independent 
of the severity of insulin resistance and (B-cell failure, type 
2 diabetic individuals with recent-onset diabetes (<1 year) 
respond equally well as type 2 diabetic patients with long- 
standing diabetes (>10 years) (19). 

Dapagliflozin is the most advanced SGLT2 inhibitor in 
clinical trials (12,17,20). In addition, multiple other SGLT2 
inhibitors are in phase II to III trials (Fig. 1) (17,21). 
However, none of these SGLT2 inhibitors are able to in- 
hibit >30-50% of the filtered glucose load, despite in vitro 
studies indicate that 100% inhibition of the SGLT2 trans- 
porter should be achieved at the drug concentrations in 
humans (22,23). In this perspective, we shall examine po- 
tential explanations for this apparent paradox. Resolution 
of the paradox has important clinical implications with 
regard to the efficacy of this class of drugs and the de- 
velopment of more efficacious SGLT2 inhibitors. 



PUZZLE ABOUT SGLT2 INHIBITORS 

In healthy nondiabetic humans, —160-180 g of plasma 
glucose is filtered daily (glomerular filtration rate [GFR] = 
180 L/day X plasma glucose = 900-1000 mg/L), and es- 
sentially all of the filtered glucose is reabsorbed in the 
proximal tubule of the kidneys. It is generally believed that 
SGLT2 reabsorbs 80-90% of the filtered glucose load 
(15,16). However, SGLT2 inhibitors in clinical devel- 
opment induce a maximum of 50-80 g of urinary glucose 
excretion (UGE) per day (i.e., only 30-50% of the filtered 
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FIG. 1. SGLT2 inhibitors in late-stage clinical trials. 
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glucose load) in healthy volunteers. Some SGLT2 inhib- 
itors cause a maximum daily UGE at a low dose and 
cannot augment UGE even with a > 10-fold increase in 
dose (22,23). For example, dapagliflozin produces a maxi- 
mum UGE of —60 g/day at a dose of 20 mg/day in healthy 
human volunteers, and UGE remains at 60 g/day when the 
dose is increased to 500 mg/day (23). Why can these 
inhibitors not block 90% of the filtered glucose load in 
humans? 

A number of explanations have been proposed to ex- 
plain this paradox (Table 1, explanations 1-5), but they are 
insufficient to account for many of the data and observa- 
tions. In this perspective, we will analyze these explana- 
tions and attempt to provide a more satisfactory solution 
to this puzzle. We will start by examining the pharmaco- 
kinetic and pharmacodynamic (PK/PD) characteristics of 
SGLT2 inhibitors, which are varied and very unique. 



PK/PD CHARACTERISTICS OF SGLT2 INHIBITORS 

First, in healthy human volunteers, there are large differ- 
ences in the dose-dependent PD responses between 
empaglifiozin (BI 10773) and ipraglifiozin (ASP-1941) (Fig. 
1), despite sharing many similarities (22,24). Both SGLT2 
inhibitors have similar chemical structures, human PK 
profiles, and in vitro potencies. The in vitro SGLT2 half- 
maximal inhibitory concentration (IC50) of empaglifiozin 
and ipraglifiozin is 3.1 and 7.4 nmol/L, respectively. The 
half-lives (ti/2) of empaglifiozin and ipraglifiozin in the 
blood are 8.6-13 and 10-14 h, respectively, and the time to 
maximum plasma concentration (^max) is 1.5-2.5 and 1.0- 
2.3 h, respectively. The area under the curve (AUG) of 
empaglifiozin at the 2.5-mg dose is 396 nmol h/L and that 
of ipraglifiozin at the 5-mg dose is 810 nmol h/L. However, 
UGE over 24 h of empaglifiozin at 2.5-mg dose is 30.6 g. 



whereas that of ipraglifiozin at 5-mg dose is only 3.1 g. 
Differences in plasma protein binding (PPB) can result in 
different PD responses, but it is likely (although not mea- 
sured) that the PPB of the two compounds is similar, 

TABLE 1 

Potential explanations for why SGLT2 inhibitors cannot inhibit 
>30-50% of the filtered glucose load 

1. Competitive inhibition by the SGLT2 inhibitor progressively 
raises the local glucose concentration at the site of the SGLT2 
transporter and thus reduces its effectiveness. 

2. SGLTs/GLUTs other than SGLT2 are responsible for a much 
greater fraction of glucose reabsorption than previously 

3. The SGLT2 inhibitors are unable to interact with the SGLT2 
transporter because of their anatomical location. 

4. High PPB reduces the filtered load of SGLT2 inhibitor and 
results in insufficient drug concentrations in the tubular lumen 
to inhibit the SGLT2 transporters. . 

5. Upregulation of SGLTl or other GLUTs offsets in part the 
inhibitory effect of the SGLT2 inhibitors. 

6. Renal secretion is responsible for delivering the majority of 
SGLT2 inhibitor to the site of the SGLT2 transporter. 
Saturation of renal secretion limits the amount of SGLT2 
inhibitor in the area. 

7. SGLT2 inhibitors are secreted distal to the location of a portion 
of the SGLT2 transporters and therefore cannot inhibit the 
upstream SGLT2 transporters. 

8. SGLT2 expression in the renal proximal tubule is higher than 
that in SGLT2-transfected cells. Significantly higher drug 
concentrations are required in vivo than indicated by in vitro 

.,>.a^^^^singSGLT2-traiisfecMrill 11^^ 

9. Excessive reabsorption of SGLT2 inhibitor in the proximal 
tubule limits the extent of SGLT2 inhibition. 

10. Some combination of the above. 
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because the time course PK profiles of the two compounds 
(as characterized by their ti/2, ^max, and AUG) are almost 
identical. A difference in PPB would be expected to 
change the time course PK profile, because this would 
change the clearance and volume of distribution of the 
drugs and thus the ti/2- Further, there are no reports in 
the literature that describe a major difference in PPB of 
the SGLT2 inhibitors in current clinical development. 

Second, the unbound plasma concentrations of 
dapaglifiozin do not seem to account for the drug's effect 
on UGE. In phase I single and multiple ascending-dose 
studies of dapaglifiozin, a near-maximal UGE was main- 
tained in healthy volunteers for 24 h following a dose of 20 
mg, whereas the plasma concentration decreased to 
a range of 10-20 nmol/L at 24 h from a maximum con- 
centration (Cn,ax) of 600-700 nmol/L (Fig. 2) (21). Taking 
into account PPB, this corresponds to an unbound dapa- 
glifiozin plasma concentration of <2 nmol/L 24 h after the 
dose. This concentration is in the vicinity of the drug's in 
vitro SGLT2 IC50 (1.1 nmol/L), yet dapaglifiozin is still ca- 
pable of generating a near maximum UGE response. To 
our knowledge, there are no published data that suggest 
that in vitro potency overestimates the in vivo drug con- 
centration needed to inhibit SGLT2. To the contrary, much 
higher concentrations of T-1095A (an 0-glucoside in- 
hibitor) were required to inhibit glucose uptake into brush 
border membrane vesicles prepared from animal kidneys 
than into cells overexpressing SGLT2 (25). It is possible 
the SGLT2 expression levels in the renal proximal tubule 
are higher than those on SGLT2-transfected cells. This 
possibility is supported by studies that have measured the 
binding of tritium-labeled dapaglifiozin to the same amount 
of protein from mouse kidneys or transfected cells 
(Amgen, unpublished data). It was found that SGLT2 ex- 
pression (calculated from the amount of radioactivity 
bound) in the mouse kidney tissue was several fold higher 
than in the proteins of transfected cells (Supplementary 
Fig. 1; T.L., unpublished observations). Because proximal 
tubular proteins only comprise a small portion of the 
kidney tissue, the SGLT2 expression levels in the proximal 
tubule could be substantially higher than those of SGLT2- 
transfected cells. Considering dapaglifiozin's high selec- 
tivity and specificity for SGLT2, nonspecific binding is 
unlikely to be a significant contributing factor. 

Third, there are disconnects between the UGE effect of 
empaglifiozin and its plasma concentration. After adminis- 
tration of single doses of empaglifiozin to healthy humans, 
a rapid onset of UGE response occurred and was main- 
tained long after the plasma concentrations diminished to 
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very low levels (Fig. 3) (22,26). The empaglifiozin plasma 
concentrations peaked ~2 h postdose, whereas the maxi- 
mal UGE rate occurred at about 7 h across a range of doses 
(10 to 800 mg). Further, the UGE rates did not decline 
nearly as rapidly as the decrease in plasma concentrations. 
Following the 100- and 400-mg doses of empaglifiozin, the 
UGE rates at 60 h postdose dropped about threefold from 
the peak values, whereas the plasma concentrations at the 
same doses dropped > 50-fold from their peak levels during 
the same period of time. 

The unbound plasma drug concentration usually cor- 
relates well with PD response. In the case of SGLT2 in- 
hibitors, it also appears reasonable to assume that the 
unbound plasma concentration refiects the concentration 
in the location of the SGLT2 transporters. Unbound SGLT2 
inhibitors are filtered through glomeruli and travel a short 
distance to reach the SGLT2 transporters, which are lo- 
cated in the early segment of the renal proximal tubule. 
However, the three observations above indicate that the 
UGE responses induced by the SGLT2 inhibitors do not 
correlate with the drug's unbound plasma concentrations. 
Why? In the following discussion, we provide a possible 
answer to this question, followed by an explanation for the 
puzzle described in the title. 

EXPLANATION OF THE PARADOX 

As described above, SGLT2 inhibitors, such as dapagli- 
fiozin and empaglifiozin, demonstrate unique PK/PD rela- 
tionships. Robust UGE was maintained long after the 
plasma drug concentrations diminished (22,23) (Fig. 3). If 
SGLT2 inhibitors are actively secreted (in addition to fil- 
tered) into the renal proximal tubule, the renal secretion 
can deliver higher drug concentrations to the area of the 
SGLT2 transporter and thus contribute to the robust UGE 
effect, especially when the plasma concentrations are low. 
Another possible contributing factor that may explain the 
prolonged UGE effect is a slow off rate of SGLT2 inhib- 
itors. Compounds with a slow off rate can maintain their 
PD effect even when their plasma concentrations are low. 
Empaglifiozin has a slow off rate with a dissociation ti/2 of 
1 h both in the absence and presence of 20 mmol/L glucose 
(27). If SGLT2 inhibitors also block the transporter from 
inside the cells, their inhibition effect can last longer than 
indicated by their dissociation ti/2 (28). 
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FIG. 2. Plasma dapaglifiozin concentration as a function of time fol- 
lowing an oral dose of 20 mg in healthy volunteers. Cone, concentra- 
tion. Modified from Fig. 4 of Komoroski et al. (23). 
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FIG. 3. Schematic PK/PD graphs of empaglifiozin (BI 10773). UGE rate- 
time profiles are shown in dotted line (10 mg-PD), dashed line (100 mg- 
PD), and dashed-dotted line (400 mg-PD). Plasma concentration-time 
profiles are shown in solid lines. Three representative doses are shown: 
10, 100, and 400 mg. Cone, concentration. Modified from Port et al. 
(22) and Dugi and Mark (26). 
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To the best of our knowledge, renal secretion has not 
been considered as a factor for the PK/PD relationship in 
the literature. There are several potential reasons for the 
lack of consideration of renal secretion. First, the reported 
renal clearance of SGLT2 inhibitors is low across species 
and insignificant compared with their hepatic clearance 
(29,30). DapagMozin has a low renal clearance of 5.6 mL/min 
in humans, half of its GFR*fu (10.8 mL/min), in which fu 
is fraction unbound (29). When renal clearance is in- 
significant and less than the product of GFR*fu, renal se- 
cretion is not considered to be a significant factor for 
drug-drug interaction (DDI), so it is not critical to study 
renal secretion and the transporters involved for com- 
pounds with low renal clearances (31). Second, even if 
renal transporters are studied, the ones most often exam- 
ined for DDI are limited, such as P-glycoprotein, breast 
cancer-resistant protein, organic anion transporters, and 
organic cation transporters (OCTs) (31). There are many 
more transporters (peptide transporters 1 and 2, multi- 
drug resistance-associated protein 2 and 4, OCTNl, and 
0CTN2, etc.) involved in renal secretion, but often they are 
not studied for DDI (31). 

Low renal clearance does not mean lack of renal se- 
cretion, because significant renal secretion can be masked 
by renal reabsorption, if compounds have good passive 
permeability (32-34). SGLT2 inhibitors generally have 
good permeability, as indicated by high oral bioavailability 
and permeability measurement (29). Although there is no 
direct evidence in the literature to support renal secretion 
of SGLT2 inhibitors, indirect evidence supports such 
a mechanism. It is interesting to note that following oral 
administration of a 1 mg/kg dose of TS-071 (Fig. 1), rats 
exhibited kidney/plasma ratios of 35 at 4 h postdose, de- 
spite the fact that TS-071 primarily is excreted by hepatic 
metabolism (35). After 24 h, TS-071 was no longer detected 
in rat kidneys. Renal secretion and slow off rate from 
targets in the kidney can make compounds preferentially 
distributed into the kidney. 

Neutral drugs that have high lipophilicity (indicating 
good permeability), like dapagliflozin, tend to have a low 
renal clearance (33). Even though the renal clearance of 
dapaglifiozin is low, many drugs that have similar PPB 
(indicated by GFR^fu) and similar lipophilicity (indicated 
by cLogD or cLogP) to those of dapagliflozin actually have 
a much lower renal clearance than dapagliflozin (34). The 
reason why dapagliflozin does not have a lower renal 
clearance may be due to its renal secretion. 

The sustained robust UGE and different timing of peak 
UGE and C^ax of empaglifiozin also suggest renal secre- 
tion (Fig. 3) (22,26). If glomerular filtration were the only 
way for SGLT2 inhibitors to reach the site of action, one 
would expect the timing of peak UGE to match the ^^ax of 
the plasma concentration and UGE to decrease in concert 
with the reduction of the plasma concentration. The onset 
of UGE response is rapid after SGLT2 inhibition. Although 
slow off rate of SGLT2 inhibitors can contribute to the 
slow decrease of UGE response, it cannot explain the 
vastly slower decline of UGE response compared with 
the plasma concentration. 

The human metabolite profile of dapaglifiozin suggests 
that active metabolites do not significantly contribute to 
the PD response, because dapaglifiozin is primarily elimi- 
nated as a pharmacologically inactive glucuronide metab- 
olite (29). The possibility of superpotent minor metabolites 
contributing to the PD effects cannot be ruled out, but 
there is no evidence to support this. 

2202 DIABETES, VOL. 61, SEPTEMBER 2012 



If SGLT2 inhibitors are secreted by the renal tubule, this 
could provide a solution to the puzzle as to why SGLT2 
inhibitors are unable to inhibit 80-90% of the filtered glu- 
cose load in humans. First, even though renal secretion 
may deliver sufficient drug to achieve robust UGE for 
a longer duration, it can saturate at high doses and thus 
limit SGLT2 inhilbitors from maximally inhibiting renal 
glucose reabsorption (Table 1, explanation 6). Second, 
location of renal secretion relative to that of the SGLT2 
transporters can affect the efficiency of SGLT2 inhibition. 
Downstream renal secretion of drug cannot affect glucose 
reabsorption, if the SGLT2 transporters are located up- 
stream (Table 1, explanation 7). Third, full inhibition of the 
SGLT2 transporter may require significantly higher con- 
centrations of the inhibitors than suggested by the in vitro 
SGLT2 potency, because the expression levels of SGLT2 in 
the renal proximal tubule may be much higher than those 
on the transfected cells used in the in vitro assays (Table 1, 
explanation 8). Fourth, SGLT2 inhibitors delivered through 
glomerular filtration may have an impact on UGE during 
the initial few hours after drug administration, but exert 
limited effect at later times even at high doses, because the 
plasma concentration declines rapidly after the C^ax is 
reached. Taken collectively, it is possible that glomerular 
filtration cannot deliver impactful levels of the SGLT2 
inhibitors over a long duration even when high doses of 
the drugs are given. Rather, renal tubular secretion and 
slow off rate of the inhibitors may be responsible for the 
sustained drug levels in the proximal tubule, which in turn 
results in a sustained UGE response. Full inhibition of 
SGLT2 may be limited by the capacity of renal secretion 
and/or the proximity of the site of renal secretion and the 
SGLT2 transporters. 

It also is possible that excessive reabsorption of SGLT2 
inhibitors in the proximal tubule contributes to the inability 
of SGLT2 inhibitors to block >30-50% of glucose reab- 
sorption (Table 1, explanation 9). Excessive active reab- 
sorption through transporters could result in significantly 
lower drug concentrations in the proximal tubule than the 
plasma unbound concentration and thus limit the inhibition. 
But the lower tubular concentration is not consistent with 
the prolonged robust UGE effect, unless inhibition of the 
SGLT2 transporter also can take place intracellularly. 
Active reabsorption can accumulate SGLT2 inhibitors inside 
the tubular cells and result in the prolonged UGE effect 
(especially in combination with slow off rate), if the inhib- 
itors also block from inside the cells. In this case, the ca- 
pacity of the active reabsorption and/or its location relative 
to the SGLT2 transporters dictates the extent of SGLT2 in- 
hibition. However, there is no evidence in the literature 
regarding possible intracellular inhibition of the SGLT2 
transporter by the SGLT2 inhibitors in clinical trials. Passive 
reabsorption does not have the same effect as active reab- 
sorption, because it is driven by the drug concentration 
gradient from the renal tubule to the bloodstream. There- 
fore, it only makes the drug tubular concentration approach 
the plasma unbound concentration. 

Renal secretion (and/or reabsorption) also can explain 
several other important observations. First, as discussed 
above, empaglifiozin and ipraglifiozin have very different 
dose-dependent UGE responses, even though they share 
many similar properties, such as potency and PK proper- 
ties. It is possible that differences in renal secretion (and/ 
or reabsorption) and dissociation ti/2 are responsible for 
the different UGE responses. Second, in contrast to 
humans, SGLT2 inhibitors can block >70% of the glucose 

diabetes, diabetesj oumals. org 



J. LIU, T. LEE, AND R.A. DeFRONZO 



reabsorption in Sprague-Dawley rats. In these rats, about 
3.6 g/day/200 g body weight of glucose is filtered through 
glomeruh (GFR =1.4 mL/min/100 g body weight = 4 L/day/ 
200 g body weight X 0.9 g/L = plasma glucose level) (36). 
The maximum UGE/day/200 g body weight induced by 
SGLT2 inhibitors in Sprague-Dawley rats is 2.6 g for 
dapagliflozin and PF-04971729 (37,38), 2.9 g for EGT1442 
(39), and 3.7 g for canaglifiozin (40). Potency and PK 
cannot explain this species difference. This difference may 
be explained by a greater renal secretory (and/or reab- 
sorption) capacity and/or more upstream renal secretion 
(and/or reabsorption) in rodents compared with humans. 

There are other potential explanations (Table 1, explana- 
tions 1-5) for this puzzle, but they are unlikely to explain the 
paradox. The first explanation in Table 1 is that increased 
levels of glucose in the proximal tubule, as a result of 
SGLT2 inhibition, compete with the drug and thus prevent 
the full inhibition of SGLT2. However, this is not consistent 
with the observation that a >20-fold increase in the dose of 
dapagMozin from 20 to 500 mg/day only prolongs the PD 
effect and does not further increase the level of inhibition 
(—40% inhibition of the glucose reabsorption) (23). The 
second explanation in Table 1 is that GLUT otiier than 
SGLT2 may be responsible for a much greater fraction of the 
glucose reabsorption. However, this cannot explain why 
some patients with severe SGLT2 mutations excrete >150 
g/day of glucose into the urine, unless the SGLT2 muta- 
tion also affects other glucose transporters (i.e., SGLT5 or 
SGLTl, for which genes are not located on the same 
chromosome as SGLT2). In addition, LX-4211, a SGLT2/ 
SGLTl dual inhibitor in phase II clinical trials, does not 
generate a larger glucosuric effect than selective SGLT2 
inhibitors (41). SGLT5 has been suggested as a transporter 
that may be responsible for a greater fraction of glucose 
reabsorption, because of its almost exclusive expression in 
the renal tubule and its unidentified function. However, 
recent studies have demonstrated that SGLT5 is a man- 
nose fructose transporter (27). Further, remogliflozin is 
a SGLT2/SGLT5 dual inhibitor with IC50 for the two 
transporters of 12 and 480 nmol/L, respectively (42). In 
healthy humans, remoglifiozin etabonate (prodrug of 
remogliflozin) could not induce more than —40 g/day of 
UGE, even when its dose was increased from 150 to 1000 mg 
(43). Based upon these observations, the role of SGLT5 in 
renal glucose reabsorption appears to be insignificant. Fur- 
thermore, knockout of SGLT2 in the mouse results in the 
excretion of 70-80% of the filtered glucose load (16), al- 
though one could argue that other GLUTs play a more 
dominant role in man. Last and most important, SGLT2 an- 
tisense oligonucleotides, which knock down SGLT2 mRNA 
expression up to 80%, have a much greater glucosuric effect 
than the orally administered SGLT2 inhibitors in multiple 
species, including rats and dogs as weU as monkeys (44,45). 

Explanations 3-5 in Table 1 also are unlikely. Based 
upon animal studies that have localized the SGLT2 trans- 
porter to the brush border membrane of the proximal tu- 
bule (16), inability of the filtered SGLT2 inhibitor to 
interact with the SGLT2 transporters because of their an- 
atomical location seems unlikely (Table 1, explanation 3). 
The high PPB of some SGLT2 inhibitors should not limit 
the extent of inhibition if the dose is increased (Table 1, 
explanation 4). High PPB limits the percentage of unbound 
drug and thus limits the amount of drug filtered through 
the glomeruli. However, the amount of filtered (unbound) 
drug can be increased, if the dose is increased. For ex- 
ample, unbound C^ax of dapagliflozin increases from 



—60 nmol/L to >1 [xmol/L (calculated using 91% PPB and 
its PK in healthy humans) (23,29) when its dose is in- 
creased from 20 to 500 mg. The similar magnitude of glu- 
cosuria on days 1-3 versus day 14 after administration of 
dapagliflozin strongly argues against upregulation of other 
SGLTs or other GLUTs distal to the SGLT2 transporter 
(Table 1, explanation 5) (46). Moreover, phlorizin-treated 
diabetic rats do not upregulate GLUT2 (47). Although 
SGLT2 inhibition does not appear to cause upregulation of 
SGLTs or other GLUTs in humans, there is evidence for 
increased GLUT2 expression in diabetic rodent models 
(17,19). However, in healthy humans in whom upregula- 
tion of GLUTs and/or SGLTs does not occur, SGLT2 
inhibitors still cannot block > 30-50% of renal glucose 
reabsorption. In addition, if there were significant contri- 
bution to glucose reabsorption from GLUTs or SGLTs 
other than SGLT2, it would not explain the unique PD 
effects of SGLT2 inhibitors, such as prolonged maximum 
UGE response at diminished plasma levels and different 
timing between the maximum PD response of empagli- 
flozin and its maximum plasma concentration. 



CONCLUSIONS 

The SGLT2 inhibitors in human clinical trials have good 
efficacy, but they do not inhibit > 30-50% of the filtered 
glucose load. Based upon their PK/PD relationship, we 
postulate that their mechanism of action is related to se- 
cretion and/or active reabsorption in the proximal tubule 
and slow off rate from the SGLT2 target. Renal micro- 
puncture studies with radiolabeled SGLT2 inhibitors and 
comparison of drug radioactivity in the glomerular filtrate 
and proximal tubule will help to define the relative con- 
tributions of tubular secretion and/or reabsorption versus 
glomerular filtration in establishing the drug concentration 
at the site of the SGLT2 transporters in the proximal tu- 
bule. A better understanding of the renal handling of the 
SGLT2 inhibitors will help to develop more effective 
medications that are capable of inhibiting a greater per- 
centage of filtered glucose load and causing a greater re- 
duction in HbAic- 
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